The paper concerns the heat transfer models of liquid fuel bed burning on water sublayer. The main efforts are stressed on the qualitative assessment of models available and their adequacy as well as on the prediction of the boilover onset. The analysis employed various data obtained by different research groups. The evaluation of the suitable functional relationships predicting the pre-boilover time was done based on dimensionless groups derived from two types of models published in the literature: Surface Absorption Models and In-Depth Absorption Models.
Introduction
Boilover is generally considered as one of the most dangerous fire phenomena in large-scale oil-tank fires. Usually, there is a water sublayer consisting of water collected in the lower parts of the tanks due to different reasons-condensation effects or fire-fighter actions, for example. When a fuel is burning the heat release from the flame heats the unburned fuel to its boiling point. The heat from the burning surface is transferred through the unburned fuel toward the underlying waterbed. When water sublayer accumulates a certain quantity of heat energy it starts to vaporize. The burning fuel expel occurs in three main forms [1] : (i) Slop over occurs as a discontinuous frothing release of fuel from the tank on one side of its wall. (ii) Froth over is a continuous low intensity fuel release (frothing) from the tank over its walls similar to the "rolling effect" occurring during the tank filling [1] . (iii) Boilover is a violent ejection of the fuel that results in an enormous fire enlargement and formation of fireballs and a frothing over the entire tank content. The burning fuel spillage implies an enormous danger for surroundingsequipment and humans.
The boilover phenomenon is interesting from a fundamental point of view, especially its mechanism and the theoretical prediction of the critical condition of its onset. Blinov and Khudyakov in their early book [2] have reported a hot zone formation in the fuel layer (crude oil and kerosene) during the burning process considering a distillation process of the fuel components. The boilover phenomenon is quite complicated and at present is under intensive research [3] [4] [5] [6] [7] . Originally, the term was referred to tank fires, but recently it was applied as thin-layer boilover to the burning of thin slicks of oils in order to limit the spill spread after an accidental release [6, [8] [9] [10] .
Scope of the problem
The major efforts of the investigators have been stressed on the parameters of the fire subsystem: the size of fuel layer/water sublayer [5] [6] [7] as conditions predefining the boiler appearance and its intensity. Several major factors have been concerned: (i) Burning rate; (ii) Time to start the boilover; (iii) Boilover intensity; (iv) Liquid temperature history effect on the fuel boiling point; (v) Developing of the "hot zone" through the fuel layer. Moreover, the geometries 
Special symbols
Hereafter, the following symbols mean:
order of magnitude about equal a ∼ b a scale to b as well as ⇒ it follows that of both the pool and the fuel layer have a great impact on the burning rate and the pre-boilover time [9, 10] . The problems have been investigated mainly via experiments and simple heat conduction models have been developed. The further analysis employs two major group of results published:
(i) Experimental data concerning the pre-boilover time;
(ii) Models developed for the temperature distribution across the fuel layer.
Models developed-a brief summary and a classification
Twardus and Brzustowski [11] did the first attempt by a development of simple one-dimensional model with heat losses towards the water sublayer. Later the model was developed to incorporate the radiative absorption in the fuel [12] . Alramadhan et al. [13] have developed a more realistic model incorporating the radiative feedback of the flame and the turbulent buoyant motion. Garo at al. [6] reported recently one-dimensional both single and double layer models. The efforts have been focused on the fuel layer/waterbed parameters [3] [4] [5] [6] [7] predefining the "boilover" appearance and its intensity. Both the physical situation and the common used model scheme are sketched on Fig. 1 . The models developed are summarized in Table 1 . All of them are onedimensional models and could be classified into two major groups: • Surface Absorption Models (SAM) without a volumetric source term.
• In-Depth Absorption Models (DAM) concerning a volumetric heat source depending on the vertical coordinate and relevant to the radiation flux to the fuel surface.
Both groups of models do not concern the formation of a hot zone. Broekmann and Schecker [1] proposed the only model that concerns it. It was excluded from the present analysis for the clarity of explanation and more uniform data arrangement. A separate study will concern it further. Moreover, these models and the further analysis do not consider the effects of the "lips" (tank walls above the burning surface) bounding the flame.
Physical conditions at the boundaries of the burning layer
The heat release rate from a pool fire can be expressed as [12, 14, 15] :
(1) Therefore, the net heat feedback from the flame (per unit area) reaching the surface of the burning liquid is a fraction of the total heat released χ (independent of the pool diameter) [16, 17] :
The basic assumptions of the models are:
(i) A heat conduction mechanism is assumed, i.e., no convection inside the fuel layer occurs. (ii) The radiation is fully absorbed at the surface y = y s (t) , where the energy balance is:
while the boundary condition at the burning surface (fuel side) is defined bẏ
The surface regression rate [16, 17] ) is:
The contact line between the fuel and the water sublayer assumeṡ
Despite these formulations, all the models consider Dirichlet boundary condition (T = T s at y = y(t)) due the phase transition (the fuel vaporization) at the burning interface. The energy balances at the interface (3) and the condition (4) have not been considered. The only attempt to employ (3) was performed by Garo et al. [6, 9] , but for predicting the surface regression rate, not as a problem boundary condition.
Study aim, problems and tactics of the scale analysis
The models discussed here consider only the top layer conditions, i.e. single layer models will be discussed. This simplification allows to recover more information at this initial step of systematization of the information and permits to provide more clear information from the dimensional analysis applied. Generally, the solutions look for the time, t B0 , corresponding to the case T y=0 = boiling temperature of the water as a boilover onset criterion. The solutions (analytical or numerical) have been performed in a dimensional form strongly related to the size of the experimental set-up used. It seems strange, but there are no solutions (or analysis) of the models (see Ref. [6, 9] for example) performed in dimensionless forms. Recently, an attempt for systematization of data dispersed in various sources was done [18] and a simple dimensional analysis of the models was performed. The analysis developed here follows several steps: These steps form the skeleton of the analysis and tend to present the physics of the problem, but not only mathematical manipulations of the models.
Dimensionless groups development

Assumptions and dimensionless variables
The scale analysis assumes some simplifications of the problem: (1) The model considers the fuel layer only and no effects of the heat transfer with the water sublayer are accounted; (2) The fuel layer is assumed with a constant thickness. These assumptions try to focus the efforts on models accompanied by adequate and reliable experimental data. The latter needs some explanations. The surface regression rate, r(t), is a complex function of the fuel properties and the vessel geometry [5] [6] [7] 17] .
Generally, the models created are moving-boundary problems. The further analysis considers them as fixed boundaries problems in order to evaluate the main dimensionless groups controlling the process. This approximation tends to establish gradually:
(1) the complex nature of the heat transfer due to burning surface of the fuels, and; (2) to identify the dimensionless group predicted by the scaling of the terms of the equations.
As a first step, the following scales and dimensionless variables were selected:
Length: The initial fuel layer depth y 0 , so y * = y/y 0 ;
Time: a specific time t 0 , t * = t/t 0 (the specification of t 0 will be done further through the analysis).
The scales are defined in a manner that is classical for the unsteady heat conduction problems and available in every textbook on heat transfer (in this case t 0 = y 2 0 /a F , for example).
The non-dimensionalization of the equations yields:
• Surface absorption models (SAM) (see M1 in Table 1 )
The only possible dimensionless group is the Fourier number Fo = a F t 0 /y 2 0 . The condition T = T s (at the moving surface) does not generate a specific dimensionless group, but it participates the reference temperature T s − T ∞ .
• In-depth absorption models (DAM) (see M2 in Table 1 )
and contains two dimensionless groups only:
as well as the dimensionless absorption attenuation product (µy 0 ) = Bu-Bouguer number. In a more general form, N VA is as a generation number (Q g ) [19] (the subscript VA used here means Volumetric Absorption).
Analysis of the dimensionless groups and their adequacy
SAM equations
In fact, all the processes expressed through the models consider a period of time t t B0 . Thus, it is reasonable to introduce the pre-boilover time t B0 in the Fourier number as
in order to evaluate the order of magnitude of that group at the boilover onset. The experimental results [5, 8] summarized (see Tables 2 -4) indicate that Fo e is always lower than unity. Thus, the solution is that developed by Blinov and Khudyakov [2] and Arai et al. [21] (see Table 1 ) Table 4 Treatment of the data of Arai et al. [21] concerning the boilover onset. i.e., the well-known lumped capacitance solution [19] with a boundary condition T bF = T [y s (t)] at the moving fuel surface. The approach requires a knowledge of r(t) in order to calculate y s (t) explicitly. Garo et al. [6, 9] showed that it works well with an average value R AV = r(t) (See the corresponding column of Table 2 ) calculated through the initial parameters of the process (that practically simplifies the moving boundary problem). The substitution of T | fuel/water − T wb in Θ transforms this dependent variable into a parameter. This allows to predict the pre-boilover time through the value of Fo ⇒ t B0 = (y 2 0 /a F )Fo e .
Contributions of the initial fuel layer conditions to the pre-boilover time
The SAM equations have a deficiency and do not provide information about some important initial parameters predetermining the pre-boilover time. This concerns the effects of: (1) The geometry (the size) of the fuel layer, and (2) The initial fuel layer temperature.
The experimental data indicate that the values of Fo e increase as the fuel thickness decreases and the pan diameters are increased (see Table 2 for example, more data are collected in [18] ). More precisely, Fo e is strongly affected by the pool diameter through the ratio y 0 /D. Physically, Fo e = f (y 0 /D) follows from the fact that for small-size pool fires the burning rate depends on the pool diameters. It was demonstrated that the correlation of the ratio (ṁ /B) = f (D) (Fig. 12 of [22] ) for burning hydrocarbons exhibits an asymptotic value at D > 2.5 m, while for D < 1 m the slope of the line is very sharp (e.g., r(t)) depends on the pool diameters [6, 9, [17] [18] [19] [20] [21] [22] ). Here B is known as Spalding's "diffusive transfer number" [22, 23] and it is independent of the mass vaporization rate (i.e. the surface regression rate) and depends mainly on the intrinsic properties of the fuels [22] . In other words, the fraction of the heat reflux the fuel surface [22] 
is a value independent of the pool diameter (see the statement about χ concerning Eq. (2)). Some data are available in Table 4 (see further). The data obtained by Arai et al. [21] indicate that the pre-boilover time depends on the initial fuel temperature (Table 4) . This is the unique report concerning the initial fuel temperature effect. According to the results of Arai et al. [21] , the higher initial temperature, shorter pre-boilover time. No-data correlations or model has been established previously. The fact implicitly indicates that the shorter preboilover times correspond to the water layers with higher initial temperatures. The heating of the fuel layer before the fire onset, in the experiments of Arai et al. [21] , implies heating of the water sublayer due to the heat transfer through the interface. These comments do not exist in the original study of Arai et al. [21] , but follows from the analysis of the experimental situation described.
Simple scaling of the effects of initial fuel layer conditions [18]
The model deficiency could be avoided through simple scaling of experimental data (recovered from [6] [7] [8] [9] [10] 21] ). The recent attempts [18] yield (data from Tables 2 and 3,  for example) :
The effect of the initial fuel temperature on Fo e was scaled through the introduction of a dimensionless parameter
where T i is the initial fuel temperature. The Θ b was introduced intuitively, ad hoc, in a form similar to dimensionless temperature, Θ. The main reasons for that are: (i) The temperature at the burning surface practically equals the temperature of fuel saturation, i.e., the fuel boiling temperature; (ii) The water sublayer "explodes" when it reaches its boiling point; (iii) Therefore, higher initial temperature of the fuel, shorter pre-boilover period; (iv) On the other hand, smaller difference between the boiling points of the water and the fuel, shorter preboilover period in accordance with the assumptions of the models considered. This scaling will be used further for the regression analysis of the data.
The arrangement of the only available data of Arai et al. [21] yield [18] (see Table 4) :
Thus, in an explicit form we have
Despite the semi-empirical approach, the forms of (13), (14) and (15) incorporate several physical facts: (i) The increase of the fuel layer thickness y 0 increases the preboilover time [5] [6] [7] [8] [9] . (ii) The increase of Θ b leads to increase of t B0 , i.e., higher fuel boiling points and lower fuel initial temperatures delay the boilover onsets. Moreover, lower thermal diffusivity of the fuel a F , longer pre-boilover period. (iii) The increase of the pan diameter (see Eq. (15)) reduces the pre-boilover time t B0 , since higher pan size, higher burning rate and increased heat reflux to the fuel surface (see the comments of Hamins et al. [22] and the experiments of Garo et al. [6, 9] ).
DAM equations
Source term normalization
The normalization of the volumetric source term yields the number N VA :
= heat generated inside the layer heat flux through the fuel layer (16) The assumption that t 0 = y 2 0 /a F is the time scale yields N VA = (µy 0 )N 0 , where
The new dimensional transfer number N 0 has no a specific name in fire studies (see Thomas [24] ). It is known also as a radiation-to-conduction parameter (see Appendix A). The expression of N 0 (Eq. (17)) incorporates the specificity of the pool fires that the heat reflux to the fluid surface is controlled by radiation-dominated mechanism [14] . The use of t 0 = y 2 0 /a F leads in a more informative dimensionless form of Eq. (8)
The number N 0 expressed through the pool fire parameters (see the scaling Eq. (2)) is:
The value of Ω 0 can be assumed as a constant since the flame temperature is approximately constant about 1100 K for hydrocarbon pool fires (see, for example, Ref. [15] as well as [25] [26] [27] ), while µ(m −1 ) and χ are specific characteristics of the fuel [21, 22] . At the t = t B0 the variable Θ becomes a constant Θ b0 = (T bw − T ∞ )/(T s − T ∞ ) and the pre-boilover time follows via the Fourier number.
where p, m and n and the function Φ (and Φ −1 , respectively) could be determined by a data fitting procedure.
Preliminary estimates of the order of magnitude of the source term of Eq. (18)
The dimensionless groups developed allow an analysis of the sources term of DAM equation. The attenuation factor (µy 0 ) exp −(µy 0 )y * may be evaluates as follows [18] : (i) the Bouguer number (µy 0 ) calculated for some fuels (data of [6, 7, 17, 22, [28] [29] [30] are treated) varies approximately from 0.5 to 5; (ii) the term exp −(µy 0 )y * → 1 at the fuel surface (see Table 5 ). Therefore, (µy 0 ) exp −(µy 0 )y * ≡ O(1), so the main effect comes from the magnitude of N 0 .
Eq. (19) gives that
The analysis of the order of magnitude of Ω 0 based on the data of Garo et al. [5] [6] [7] 9, 10] , and Koseki [8, 20] indicates that Ω 0 ≡ O(10 2 ). For such small laboratory fires (D < 1 m), and y 0 10 mm) [6, 9] the order of magnitude of Therefore, in the case of small-scale laboratory vessels and thin fuel layers the source term could be accepted as negligible with respect of the other terms of the equation having O(1) that transforms DAM model into SAM one.
The experiments of Blinov and Khudyakov [2] , Arai et al. [21] and Imamura et al. [25] exhibit violent fuel ejections from the pan. In these cases O(
, that immediately leads to SAM equations. On the other hand, for relatively thicker fuel beds [8, 20] The large pool diameters within the range of 1-10 m (the experiments of Chatris at al. [31] and more that 100 m, like in the case of oil spills) are usually related to thin fuel layers that yield y 0 ≡ O(10 −2 ). This leads to a source term of (18) of order of O(1). Therefore, it could suggest that DAM is adequate for thicker laboratory beds and large fuel spills. The real thank fires need a special concern, since they are real fire- fighter The above analysis allows to estimate a relationship between the type of the boilover and the order of magnitude of N 0 . The violent fuel ejections [2, 21] correspond to N 0 ≡ O(10 −2 −10 −1 ). The increase of the pan diameter "shifts" the value of N 0 towards N 0 ≡ O(1) and the smoother boilover behaviour. These estimations follow from the existing published data. They should be accepted upon the restrictions of the present analysis, which does not concern either the water layer heating or the heat transfer through the walls. The exact values of N VA (calculated through Eq. (19)) are summarized in Table 2 .
Critical comments on the results developed
The fact that Fo < 1 at t = t B0 may be interpreted as [18] : as
= thermal diffusivity of the fuel layer diffusivity of the hot zone 1
The term "diffusivity of the hot zone" [18] is a qualitative interpretation. It tries to explain the heat transfer mechanisms in the burning layer like the term "velocity of the thermal wave" U T = y 0 /t B0 (see Tables 2 and 4 ) employed in the previous studies [6, 8, 9, 20] .
The use of y 0 in Fo e should overestimate t B0 , since the layer diminishes continuously. In this consequence, the use of the mean values of the regression rate R AV allows to calculate the fuel layer unburned at t = t B0 expressed as ( /y 0 ), where = R AV t B0 . The data in Table 2 clearly indicate that at t = t B0 almost 50-60% of the initial fuel layer is burnt. Therefore, the definition of the velocity U T = y 0 /t B0 employed in all previous studies on boilover and the hot wave diffusivity are idealizations not strictly relevant to the problem.
The very thin fuel layers (< 3-5 mm) [6, 9] (see Table 2 ) allow to apply the fixed boundary approach due to a small fraction of the liquid burnt at t < t B0 . These cases, with relatively low regression rates [6, 9] are relevant to the SAM equations with O(N 0 ) 1.
Both groups of models lead to practically similar results. However, the DAM formulation is more adequate, since Eq. (19) incorporates a term ( √ y 0 /D ) −1 following automatically via normalization of the equations, while in the case of SAM (Eqs. (14), (15)) it was introduced through semi-empirical scaling. However, both models have an important deficiency, since they do not consider the transport phenomena at the burning interface. This deficiency becomes stronger when N VA 1. Moreover, the neglecting of the heat flux coming from the flame to the surface by the use of Dirichlet condition indicates that we neglect the physical phenomena at the flaming interface. Therefore, the main question is, does the boundary condition at the fuels surface employed by both types of models is adequate? The next step is to formulate adequate dimensionless group through a correct formulation of the boundary condition at the flameliquid interface.
More adequate condition at the burning surface
Normalization of the energy balance at y = y(t)
Starting intuitively, because of the knowledge of physical phenomena controlling the process, the more adequate boundary condition considered here is the energy balance (Eq. (3) ) at the interface. Concerning Eq. (4) and the dimensionless variables defined, the energy balance at the burning surface (3) (Stefan boundary condition-SBC) is
The left side of (22) The former is the Stefan number [32, 33] , while the group N DHS has no specific name and can be defined as Diffusivity of the Heat Source. In the specific situation here, Moving Heat Source is the burning fuel surface (more precisely, Line Heat Source [33] for the present 1-D problem formulation). The group N DHS resembles the Peclet number, Pe = (ul/a) in the case of a convection and a moving heat source (Ref. [33, p. 387] ) and needs a knowledge of the mean regression rate that is specific for the fuel [34, 35] . Thus, the more adequate formulation of (20) is:
The variations of Fo e and the two new groups Ste and N DHS are summarized in Tables 2 and 4 for some fuels investigated by different research groups.
Scaling to published experimental data
Correlations with negligible heat absorption effects
The first step before the regression analysis is to define which groups will be involved. The solution depends on the orders of magnitudes. For laboratory pans and thin fuel layers [6, 9] , we have B SA = N 0 ≡ O(10 −2 ), so both groups should drop from the equations. Therefore, upon such conditions the temperature profile across the fuel is Θ = f (Fo, N DHS , Ste) .
The preliminary scaling of data (data of Garo et al. [6, 9] (those included in Table 2 and more not presented here) yields Fo ∼ (Ste) −2 (see also data of [21] summarized in Table 3 ). The contribution of the term (Θ B0 ) was assumed as (Θ B0 ) Z ≡ (Θ B0 ) 2 based on the experimental data scaling (see Eqs. (14), (15)). Therefore, the desired functional form is
The data of Garo et al. [6, 9] (Table 2 ) (0.95 confidential interval) yield (Fig. 2(a) ):
On the other, hand the semi-logarithmic (log 10 ) presentation ( Fig. 2(b) ) gives a linear relationship
For the experiments of Garo et al. [6, 9] , the calculated temperature ratio is about Θ bw = 0.335 (initial fuel conditions at ≈ 20 • C and T bw = 373 K), while N DHS varies within the range 0.2 < N DHS < 1.9. The fit covers data over the range 5 × 10 6 < N VA < 10 −2 . Please bear in mind that the preliminary estimation performed in 4.2.2 is O(N VA ) ≡ O(10 −2 ). The data of Koseki et al. [20] (at Θ bw = 0.432-at ambient initial fuel temperature) confirm the linear relationship Fo ∼ 1/(N DHS ) n (N DHS ) −0.86 (the solid line in Fig. 3 ) obtained with the data of Garo et al. [6, 9] . Moreover, they allow two linear approximations with negative slopes (dotted lines in Fig. 3 The scaling of experimental data, just commented, in the case of neglected generation number demonstrates the importance of the processes at the burning surface and especially of the pseudo Peclet number N DHS .
Correlations with the N VA group
Neglecting the heat absorption effects through N VA and B SA groups, we obtained satisfactory data correlations only for the data of Garo et al. [6, 9] . On the other hand, Garo et al. [6, 9] did not ignore the source term of the equation that yielded satisfactory numerical simulations in dimensional forms. Therefore, a question could be formulated. Is it possible to ignore the preliminary analysis and to include the source term into the correlations? Following the best rules of the dimensional analysis performed by inspection, if you have three-term equation (DAM, for example) the nondimensialization provides two dimensionless groups-Fo [20] . The above correlation was performed upon average flame temperature of about 1100 K, attenuation coefficients summarized in Table 5 and the fraction of heat release was accepted as χ = 2.4 × 10 −3 (following Garo et al. [6, 9] , see Table 5 too).
and N VA . The groups derived from the boundary condition will only affect the coefficients of the power-law relationship Fo = f (N VA ) Simple experiments yield (see Fig. 4(a) ) (26) where N VA = N VA × 10 3 . The correlation spans a range of variations of N DHS larger than that corresponding to previous scaling estimates. The data of Koseki et al. [20] (Fig. 4(b) ) confirm the linear relationship M ∼ N VA obtained with the data of Garo et al. [6, 9] on Fig. 4(a) . Moreover, they demonstrate the effect of the N DHS number on the functional relationship M = f (N VA ). The upper group of points on Fig. 4(b) corresponds to the ticker fuel beds burnt in a 1 m diameter pan (see Table 2 ), while the points at lower left corner of the graph represents the thinner fuel layers. Both groups of points correspond to the linear approximations in Fig. 3 (the dashed lines). The insufficient data points allow estimations of scaling exponents only, but not of reliable correlations. The correlation with N VA practically yields the same result like in the absence of source term analyzed in the previous point. The "trick" is that N VA from the governing equation and B SA from the boundary condition are interrelated-N VA = (µy 0 )B SA = Bu · B SA (see Appendix A).
More comprehensive presentation through the dimensionless groups
The above analysis allows to evaluate the particular contribution of each group on the variation of the boilover Fourier number Fo e . However, these groups exhibit concurrent effects and the influences of those representing the heat absorption effects are more complex. Following the best rules of the dimensionless analysis, combinations of pigroups could minimize the number of dimensionless variables. The main idea follows from Eq. (24) 
In fact, the plot on Fig. 5(a) repeats qualitatively the M = f (N VA ) graph on Fig. 4(a) , since Hp
Moreover, it repeats also the scaling plots M 0 ∼ N DHS (see Fig. 2(a), (b) ), where the N VA is omitted from the family of dimensionless groups (SAM equations with Stefan boundary condition). With the latter situation the only dimensionless groups generated by the boundary condition (Eq. (3)) are N DHS and Ste.
It was found out, that data of Koseki et al. [20] (Fig. 5(b) ) fit well to the reciprocal value 1/Hp, that is a behaviour just opposite to that on Fig. 4(b) , but with two well defined areas of the effects of N DHS . The latter should be accepted as a tentative estimate due to insufficient data for reliable correlations.
The new Hp number employs only macroscopic data that are available preliminary (before the experiments or accidents). Moreover, the number Hp implicitly incorporates the effect of the pool diameter through the scaling equation (2) . However, Hp 1 (see Fig. 5(a) time and the Fo ∼ Hp relationship is easy transformable into charts for particular fuels (see Section 7.5).
Brief asymptotic analysis employing N VA and Hp numbers
From a fundamental point of view and as well as for the safety engineering purposes two limiting situations are interested: (1) Fo → ∞, i.e. no boilover occur practically, and (2) Fo → 0, that implies an immediate boilover. The plots on Figs. 3 and 4 will be used to develop the analysis.
The case Fo → ∞ means that N DHS → 0 (see Eq. (28b) and Figs. 2(a), (b) and 3 ) (or 1/Hp → ∞) that could occur if: r(t) → 0 (difficult to burn fuel) or y 0 → 0 (extremely thin fuel layer), or a F → ∞ (that is impossible, since a F is a transport property of the medium).
The case Fo → 0 implies y 0 ≈ 0 (no fuel layer exist, that is non-sense) or a F → ∞ which is unrealistic as commented above.
The intermediate situations could be analyzed through the plots on Figs. 3 and 4(a). At N VA → 0 (i.e., no absorption effects exist or the fuel does not burn, y 0 ≈ 0, or extremely narrow vessel, D ≈ 0), the value of M → 1 (really ≈ 0.88) (see Fig. 4(a) ). This means that,
This confirm the plot on Fig. 3 where the common area of both linear approximation (the convex of the main curve) corresponds to Mo ≡ O(1) and N DHS ≡ O(1). Thus, from (25a), we have
Therefore, at Fo → 1, e.g., N DHS ∼ O(1), the thermal time scale t 0 = (y 2 /a F ) defines the pre-boilover time that corresponds to the assumption of Arai et al. [21] (see Table 1 ). As Fo 1, i.e., for large Hp numbers (or extremely high values of N DHS ) the idea expressed by Eq. (21) (the diffusivity of a hot zone) should fail since it means that hot zone propagates faster that the temperature field, that is unrealistic. For example, the condition Fo 1 (i.e., t B0 t 0 ) [2, 21] allows close form analytical solutions (see Table 1 ). However, at large values of Hp (large pool fires on deep beds) no pure heat conductivity transfer should be considered in the fuel bed.
Suggestions about the power law function [36]
The exponents of the function Fo = Φ −1 (Θ B0 ) p × (Hp) m Bu n can be defined through a regression analysis of experimental data. The pre-boilover experimental time [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] 12, 18] is proportional to the initial fuel thickness y 0 , so we could expect that
The data (of Garo et al. [6, 9] ) scaled to the Hp yield Eq. (28) (see Fig. 5(a) ). Moreover, Fo e ∼ 1/N DHS , so taking into account the budget of the Hp we could expect a relationship in the form Fo ∼ Hp m . This suggestion permits to develop a dimensionless relationship in the form
Physically, the pre-factor (Θ 2 B0 /Bu) depends only on the initial fuel thickness through the Bouguer number µy 0 , while the main phenomena controlling the process are at the flaming surface and represented by the Hp number. The functional relationship (32) should be considered as instructive for fitting experimental data.
Alternative scaling
The main feature of the above scaling is the use of the initial fuel layer depth y 0 as a length scale as the only-known dimension of the fuel layer. However, we have a moving boundary problem, so the correct analysis requires both the length and the time scales to be independent of y 0 . The brief examples performed below consider the DAM equation with a Stefan boundary condition (SBC).
Furthermore, we will try to define the true length and time scales of the process depending on the heat transport mechanism assumed.
The true scales of the process and asymptotic situations
However, the question about the true length scale of the process depending on the dominating transport phenomena is open. Let assume that the unknown length scale is denoted by S L , while the time scale is S t Assuming
after the non-dimensialization we have:
Heat conduction
Two asymptotic physical situations could be suggested depending on the contributions of heat transfer mechanism suggested as a dominating one (see the terms of Eq. (33)):
• Heat conduction dominating (HCD) mechanism, that corresponds to SAM equations.
• Heat absorption mechanism (HAD), that implies a dominating role of the source them of the model.
The first suggestion leads to a dimensionless equation
while the second one yields
where Ex 0 = exp −µS L y * . The term Ex 0 1, where 1 corresponds to the burning surface.
Head conduction mechanism
Setting all the coefficients of the dimensionless equations (34a) equal to 1 we have:
The scales L 0 and τ 2 are the so-called alternative "ablation" scale employed in the ablation problems [37] . The comment concerns the physical analogy with ablation process [38] as a moving boundary process as well as with a phase transition at the moving surface. These scales allow to express simply the Stefan boundary condition as
The "boilover" Fourier number defined via the new scales is Fo e = a F t B0 /L 2 0 . It is easy related to the old Fo e through Fo
Heat absorption mechanism
The dimensionless coefficients of source tem of (34b) defines S L = Z 0 = λ F (T s − T ∞ )/q Similarly, the dimensionless coefficient of the unsteady term defines S t = τ 3 = 1/µ 2 a F like in the radiation-to-conduction problems (see Liu and Tan [38] , for example). Thus, the length equals that of HCD, but the absorption coefficient µ determines the time scale. The latter yields a boilover Fourier number 
Formally, if the length scale of the HCD mechanism is chosen as S L = 1/µ (this is an alternative following from the mechanistic treatment of the source term) the time scale is S t = 1/µ 2 a F , but this is not consistent with the heat transfer conduction mechanism considered.
However, the only measurable length is the initial fuel depth y 0 . The question arising is: do some conditions exist upon which t 0 = y 2 0 /a F is the process time scale. The definition of y 0 implicitly assumes the HCD mechanism, so the simple check t 0 = τ 2 (see (35) ) yields y 0 = L 0 . The latter condition implies 1/N 0 = 1 that yields a generation number N VA = Bu. This condition gives real values of N VA in the range of 10 −1 -10 (see the values of Bu in Table 4 ). Similarly, we could set t 0 = τ 3 and τ 2 = τ 3 . Table 6 summarizes the results of that comparison.
Boundaries of the regimes suggested-tentative estimates
As a first step, let concern the conduction dominating mechanism, that corresponds to the SAM equation and the primarily defined scales y 0 and t 0 . The condition N VA 1 applied to the source term (see Eq. (17)) requires:
Therefore, (see the values of Bu in Table 5 ), we should have N 0 ≡ O(10 −1 −1) or less. The opposite heat transfer mechanism concerns a domination of the source term, so for the dimensionless coefficient of the heat diffusion term should satisfy the condition (see Eq. (34b))
Taking into account that 1/Ex 0 > 1, a more weak, but a sufficient, form of the condition ( 
Asymptotic situations
This attempt stresses the attention on the areas where the derived dimensionless group could control the process. The conduction-dominated mechanism described by the SAM equation has a simple solution (see Table 1 ) represented in a classical manner through dimensionless groups available in every textbook on heat transfer, so it will not be commented here.
A very interesting situation providing new results (see further) occurs if we suggest the domination of the heat absorption only. Omitting the heat diffusion term of the DAM equation (see (34b)) and employing the intrinsic length and time scales τ 3 and L 0 we have
That gives
where C 0 = 1 µL 0 exp(−µL 0 y * ) and C 1 = 0, since Θ = 0 at t * = 0, and y * = y s (t)/L 0 .
The expression of (40) through dimensionless groups (taking into account that t * = Fo 3 ) becomes
The expression (41) allows a simplification since N DHS /N 0 1 (the values of N DHS are available in Table 2 ), so we have
Explicit scaling and similarity tests
The power-law function was commented several times through the text. Moreover, some suggestions about its form were done in Section 7.5 as a result of the preliminary analysis with the scales y 0 and t 0 . The following analysis, try to derive scaling relationships for the pre-boilover time in explicit forms in the three cases discusses above as well as similarity rules.
Explicit (dimensional) scaling estimates
Case A. Scales y 0 and t 0 (no dominating heat transfer mechanism is assumed and ad hoc defined scales): The suggestion that Fo e 1 ∝ 1/Bu and Fo e 1 ∝ Hp done earlier (see Section 7.5), and Bu ∝ y 0 as well as that Hp ∝ q s ∝ √ D (the scaling Eq. (2)) yield an explicit scaling
Case B. Scales L 0 and τ 2 (conduction dominated heat transfer).
Similarly, with Fo e 2 ∝ 1/L 2 0 , and (36)) we have
that is very close to the form expressed by Eq. (15). Case C. Scales L 0 and τ 3 (absorption dominated heat transfer).
The scaling follows from the simplified solution (43) and the relationships Fo e 3 = Fo e Bu 2 , so
The above explicit scaling estimates are expressed especially through the common group (y 0 /D) in order to do a parallel with the experimentally derived relationships (14) and (15) . Generally, the explicit scaling estimates can be interpreted as t B0 ∼ (initial fuel conditions) (conditions at the flaming interface) ∼ y 0 D n where the scaling exponent n depends on the heat transfer mechanism across the fuel layer.
Direct tests of the explicit scaling estimates
The common expressions of the dimensional scalings in the forms (42)- (45) Table 7 . Table 7 Conditions of the experiments of Chatris et al. [37] . Additional information to Fig. 6 Diesel oil y 0 , mm → 6.6 6.6 7. The help of Origin performed the plots (at 0.95 confidential intervals) yield t D ∼ √ D more or less. The data of Garo et al. [6, 9] demonstrate t D ∼ D 0.2 -D 0.4 due to the large scattering of the data points. The attempt to scale the averaged (arithmetic mean) values of t D for each pool diameter studied by Garo et al. [6, 9] yields t D ∼ D 0.4 (see the inset of Fig. 6(a) ). Thus, it could suggest that the heat conduction across the fuel dominates for smaller diameter pool fires and the scaling corresponds to the case B, while for D = 0.3-5 m pools the heat absorption starts to dominate and the scaling approaches the case C. The increase of pool diameter shifts the heat transfer controlling mechanism and all the data scale of Koseki et al. [8] and those of Chatris et al. [31] scale t D ∼ √ D, thus confirming the prediction done for the Case C (see Eq. (47b)).
The results are reasonable, since from
However, we should keep in mind that the data contain implicit information about the transition between both heat transfer mechanisms suggested. For example, the lower range of the pool diameters employed by Koseki et al. [8] spans the upper range of the pool sizes of the experiments of Garo et al. [6, 9] (see Table 2 ). It could assume that the general tendency of the data of Koseki et al. (the scaling to D 0.5 ) is due to the larger pool diameters employed. In the same time, the lower range of the pool size range investigated by Chatris et al. [31] overlaps the upper range of pools in the experiments of Koseki et al. [8] . The former can be clearly defined as a thin-layer boilover. The fact that the pre-boilover time scales to D 0.5 is a possible explanation of the scattering of the experimental data reported by Koseki [40] (Fig. 8 of the referred paper) and correlated only to the initial fuel thickness y 0 .
Similarity between pool fire experiments
Following the general form of the power-law function in two systems (two pool fires) of different sizes the equality of the Fourier numbers Fo (1) and Fo(2) implies
Hp (2) m (46a)
Following the expression for case C (Eq. (47b)) and assuming that the mass burning rate does not depend on the pool diameter (a strong simplification about the contribution of Hp number) we have
The expression gives a tentative proportionality, since a pre-factor of the mass combustion rates m 1,2 =ṁ (1)/ṁ (2) should exists. This very simple relationship was tested with the data of Garo et al. [6, 9] and Koseki et al. [8] summarized in Table 2 . In these experiments, the initial fuel thickness was varied gradually, without any attempts to create geometrical similarity at least. The data of Garo et al. [6, 9] allow such analysis since the ratioṁ (1)/ṁ (2) is almost 1 for all the experiments because the fuel type does not vary, i.e., µ 2 /µ 1 = 1. The results summarized in Table 8 indicate that: (i) No similar experiments have performed systematically; (ii) Among the data of Garo et al. [6, 9] there are several experiments where the requirement (47) is almost satisfied, i.e., those yield close values of Fo e ; and (iii) The data of Koseki et al. [8] are not sufficient to establish any similarity.
This attempt to find similar situations and to draw a rule how to simulate the boilover upon model conditions, and to transfer the data to a prototype, should be concerned as a first step in that direction requiring further development.
Brief conclusions
The discussion is brief because it was done practically at the length of paper. Generally, we will comments the results en bloc. The paper reached two goals:
(1) To consolidate the data published in various sources, but without any transport phenomena analysis. (2) To develop a general form of the functional equation defining the pre-boilover time, easy transformable into engineering charts.
Generally, the scale analysis detected the principle dimensionless groups controlling the process. The arbitrary choice of the scales y 0 and t 0 demonstrates how many dimensionless groups can be generated if the scales are not intrinsic to the process. Therefore, this first part of the scale analysis demonstrated the more adequate position of the Stefan boundary condition at the burning interface instead the Dirichlet condition employed by the original models (see Appendix B).
The detection of the intrinsic scales clearly demonstrates that the dimensionless number Hp controls the process. Very important information derived from that analysis is the ability to test the primary physical hypothesis that the contribution of the radiation to the heat transfer across the fuel layer increases with the increase of the pool diameter. Moreover, this simple scaling allowed a similitude test of published data and drew the idea for more systematic experiments.
Blinov and Khudyakov have commented the occurrence of strong convection inside the tanks during fire in their pioneering study [2] . More recent comments and analysis of similar observations are collected in the review of Koseki [39] . Obviously, this should be incorporated in the future models.
The criterion for the boilover onset needs a justification. Physically, but mainly by intuition, all the studies referred in the present paper, assume that water layer explodes when the thermal waves reach the fuel-water interface. It was demonstrated (see in Table 2 ) that the velocity U T of such thermal wave is physically non-adequate to the process studied. The investigations of Blinov and Khudyakov [2] in very narrow glass cylinders (no data only explanations exist in the original text) indicated that the water temperature could reach values above 100 • C before the ejection if a thin fuel layer cover its top surface. This point needs special studies on both laboratory and field scales for correct definition of the physical condition of water explosions. The present study employed the water boiling temperature upon atmospheric conditions, but this was an approximation demonstrating the approach of the investigation only.
Finally, the scale analysis is a physical experiments performed by mathematical tools. The adequacy of the models and their restricted or extended abilities directly affects the result of the scaling. dimension1ess groups occur [41] : The group N 1 is analogous to N VA = (µy 0 )N 0 in its original form (see Eq. (17)). The group Mo is the radiationn number (or conduction-radiationn parameter or Stark number) [42] , analogous to the Biot number and to B SA number (Eq. (22) (18) is N 0 (µy 0 ) exp −(µy 0 )y * ∼ B SA . In other words, the discussion about magnitude of the source them of Eq. (18) is, in fact, a discussion about magnitudes of the number B SA controlling the process through the boundary, like in the convective heat transfer controlled by the Biot number.
Appendix B. Stefan boundary condition
The Stefan problem (SP) is well known in the literature and the specific model build-up is available in [43] [44] [45] , for example. For most of the readers familiar with SP, the introduction of the present article is sufficient to understand the adequacy of SBC. However, this comment try to explain what is the reason to use SBC instead the Dirichlet boundary condition (DBC) mainly for the readers familiar with SBC, but not interested in fire science as well as to those of them working on fires but unfamiliar with SP.
In general, DBC implies infinite heat flux at the boundary. The Stefan condition is the more adequate at the flamefuel boundary since it describes the heat transfer across the interface associated ba its motion and a phase transition (liquid evaporation) that is impossible ba DBC. The heat conduction equation (SAM or DAM) is valid for every point of the fuel layer, while Eq. (3) concerning simultaneously the fuel evaporations and the interface motion, exists only at the boundary. In the Stefan condition, for example, a uniform temperature (i.e., DBC) implies the right-hand side equal to zero and hence here is no movement of the interface and no evaporation can occur [44, 45] .
